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Overview of Appl lcat Ions of Laser-Induced Breakdown Spectroscopy (LIBS)

David A. Cremers

Chemical and Laser Sciences Division
L05 Alamos National Laboratory
Los Alamos, New Mexico 8754J

Abstract

Laser-induced breakdown spectroscopy (LIBS) Is a
method of performin elemental analyses of sollds,

?Ilqulds, andgasesusn tt?emicroplasma proctucedby
a focused Iaser pulse i ecausethe mlcroplasma IS
formed by optical radiation, LIBS has some lmportan~
advantages compared toconventlonal laboratory based
analytical methods Three applications aredlscussed
whlchusethe LIBS method.

~tlon

Laser-induced breakdown spectroscopy (LIBS)’ 1s
one method of performing elemental analyses of
materials, It Isslmllar lnprlnclple to other
techolques ofatomlcem!ss[ons ectroscopy(AES),

fThere arethree baslcstepsln A Sanalysls; (l)
atomization of the sample, (2)excltatlon of the
resulting atoms, (3)detectlonof emlsslonsfrolm the
atoms, Most methods of AESuse ahot source that
v?porlzes andexcltes thematerlal to beana!yzed in
one step, The llghtfrom !hesourcelsthens ectrally
andln some cases (pulsed sources) temporal 1’

[resolved to determine theldentlty andamoun Sof
different elements present m the material.
Conventional sources for AES, which include the
electrodes ark and arc, thelnductlvel -coupled

t 1’plasma, an the mlcrowave-lnduced helum plasma,
require that the sample be transported to the source
for analysls

In the LIES method, the source Is themlcro Iasma
ror spark formedb focusing powerful Iaserpusesln

roronthematerla to reanalyzed, The temperature

\
andelec rondensltyof the Iaserplasmaar ve~ fyJNgh
Inltlaliy ,ontheorder of20,000K and 101 cm- ,
respectively, somaterlal mthesparkvolumels
vaporized toltsconstltuent atoms, Eecauseof e

Y’small slzeof the!aser Iasma(t p1cally20mm )and
1’ !Itslow energy content fMIOmJ, onIy small amounts

ofsample ar?requlred for anal SIS, Ty lcally, micro-
IEornanogrwn quantltlesaresuf Iclentd epenalngon

the elements presenl, the atoms excited by the
glasmamay t)eneutral orlonlzed, Emlttlngspecles
are Identlfled byspectrall andtemporal ;yresolvm

i 1the soark Ilght. Note that ecausethe laser plasma s
formed by focused optical Fadlatlon, It can be
generated at a distance from the laser source, In
contrast toconventmnal AESsou! ceswhlchrefaulre
anad[acent pt’tyslcaldevlceto reduce the plasma

!(e~electrode,wave ulde; Onyoptlcai access to the
\Samplols needed for It!l Sandlysls

The :ercperature and electron density of the laser
plasma arecomparable tcorslgnlflcantl r~ter
than ttlose characteristic of conventlona R
sources ~hl SDrOVld~S bCttereXCltatl O~Of atOIIM
(eg Cl, F)havlnq strongly em!ttlng levels dlfflcultto

exclteby cooler sources and results Intheexcltatlon
of more lonlc Ilnes, For some elements, lonlc Ilnes
of ferbetter analytical results than neutra! lines The
high electron density, however, broadens spectral
Ilnes vla the Stark effect so that LIBS cannot, in
general, be used for Isotope analysls

Theap aratusfor performing aLIBSexperlment Is
!shown in lg. 1. Apulsed laser must be used to

?
enerate the laser plasma because of the high electrlc
lelds required to lnltiate dielectric breakdown of

materials Unf cusedlaser pulse power densltlesof
1several MW/cm aretyplcal, Aconvenient source of

such pulses IS the O-switched Nd:YAG laser having a
pulsewldth of9-15ns, a wavelength of 1064nm, and
apulseenergy oflOOrnJ or more, Therepetltion rate
of these lasers ranges upto50 Hz, A short focal
length lens Is normally used to form the spark on the
Sample which may be contained in a chamber or may
beagas or aerosol Inamblentalr. Visually, the laser
spark appears asabri ht flash of white llght, The

1II htfrom the plasma slmaged byalens onto the
\en ranceslltof aspectrogra hormonochromatorto

?provide spectral resolution, omonltor a wide
s ectralrange simultaneously, ?mlma e-lntenslfled

Y
R ‘1Otodlodearra detector can be used o record the

ilghtdls ersed ythespectrograoh, a>snowninRFig, 1, T eimae-lntenslfler, aht h-speed
i? !electro-optics utter, Istlmedto helaser pulse so

Sp?clflc events after plasma formation can be
monitored, Uslngthe photodlode array, thesoectrum
from a single laser plasma can be recorded,

Because the laser plasma Is a pulsed atomization
and excitation source, the spectrum evolves as the
plasma decays Analysls ofmanydlfferent samples
shows that the evolv[ng spectrum can be dlvlded Into
three dlstlnctperlods, Immediately after plasma
formation and out to a few microseconds, the
spectrum Is dominated by a spectral Iy broad
back round continuum llghtdue to brernsstrahlun

! \rad!a Ion from the plasma, This Istheorlglnof t e
whltell N from theplasma observed visually During

?this erod, emlsslon llnesdue tolonlzed atoms may
ialSO eobsefved, Asthepl?’ma cools and the

electrOn density decreases because of recombination
between Ions and electrons, the continuum radlatlon
andlonemlsslons decrease Inlntenslty At times
between 2-10 see, emissions ?romneutral atoms are

1’Observed anda times beyond about 10 secemlsslons
!from slmplemolecules become apparen, The

molecules are formed from recombm!n atoms Inthe
1plasma, There aresome notable except onstothls

general scheme Forexample, emlss~ons from
once- lonlzedbe ll(umand uranium atoms, 8e(ll) and

7’U(1 I ), respect Ive y, are observed out to many tens of
microseconds after plasma formation and emlsslons
from CN molecules are present wlthln a few hundred
nanoseconds after theplasmals formed The



temporal evolutlon of the s~ectrum from a spark
formed on steel IS Shown In F! .2 In the figure, t IS

?the d’l:y time between sparK ormation and start !f
recordlngof ttte spectrum andtb lsthelnterval over
which the spectrum ls recorded, The numbersat the
right Indicate the factorsb which each spectrum

iwas expanded verttcallywl hrespecttoths top
spectrum

The LIBSmethodnasbe nusedextenslvely for
flaborato~-based analyses whereasd evelopmen~of

the method foruse In industrial monitoring situations
r,asnot been reported, Thlspa erdescrlbes three

{recent appllcatlonsof theLIB method at Los Alamos
National Laboratory These are (l )determ!natlonof
uranium In solutlon for process monitoring and
control,(2) Identlflcatlon and analysisof metals ata
distance, and(3) development ofa prototype
beryl I Ium monitoring Instrument.

of ur~

The abl I lty to meawre rapidly the uranium content
of flowlng Iiquld streams 1s Important for process
monitoring and control in nuclear-fuel reprocessing
plants, Presently, the~e measurements can bemade

!
usln absorptlons ectroscopy and nuclear-based
coun ingmc,hods r

7
amma-ra ,x-ray, etc.). Matrix

!effects, however, lmlttheu ilityof these methods
In some situations For example, changes intheacld
moiarit of thesolut[ons cancompllcate calibration

iofthea sorption techniques whereas background
counts from other radioactive elements can mask
counts from uranium LiBS, being an optlcalemisslon
technique, offers onepossiblllt to overcome these

Jdlfflcultles, in addition, theLl Smethoctcanprovlde
Insltu anal slsbecause the spark can be formed

rdlrectlym hesolutlon through awlndowontheplpe
carrying the liquid,

Early LiBS analysis of solutlons involved forming
the laser plasmal the bulk llquid some distance3beiow the surface, In the case of uranium detection,
however, the lowest detectlonlimlt was achlevedby
focusl,~ thelaser pulses at near normal Inc!denceon

!thellqu dtoproduce a surface spark.’ This can be
attributed to the higher temperature of the piasma
formedlnthe asabove theliquidcom aredto the

f ?plasma genera edinthe bulk sample, hes ectrum
Jfrom asoiutionof 10gm/llter uranlumin molar

nitric acldlsshownln Fi .3, Asurve of the
7 {350-480 nmspectralre onshowedt e409nm U(il)

?Ilnetobe the strongest eaturenot exhibltlnga
spectral Interference Most of thelines shown in
FI ,3arefrom U(n), The best U(ll)slgnal was

!011 alnedby monitoring the sPark Ilght during the
8-200 secperiod after spark formation. Thellnes

1’fromu i)werefound to be very weak at ?JII tlmeS

The analytical capabilities (dynamic ranae,
detection Iimlt, accuracy and preclslon) wete
evaluated usln sealed vlalscontalnlng uranium In

?solution cover ng the ran GOI to300gm/llter, the
reglonof most Interest ? Igure 4 shows a calibration
cu~eofneturanlumsl nalplottedagalnst

8Concentration Althou thecwvel snot Ilnear, It
?exhibits good sensitlv ty(slope) over the entire

range The iossof sensltlvityat thehlgher
concentratlonsma t)edueto self -absorptlonof the

KU(ll)emlsslonbyt eoutercoolerre Ion of the laser
1plasma, Thedetectlonllmlt foruranum

determination was O.1 m/llterassumlnga
?signal-to-nolseratloo two

The accuracy and preclslon were measured by
performing ten reDl Icate measurements of an
“unknown” solutlon, predicting the uranium
Concentratlon!rom thecallbratlon curve and
calculatln thepreclslon astherelatlve standard

hdevlatlon SD)of theten measurerrents, 6ecause the
Iiquld surface splashed violently or, each laser spark,
the shot-to-shot reproduclbllly of the uranium signal
was poor Byaveraglng over mar:Y shots, however, It
was possible to obtain preclslons on the order Jf a
few percent, Speclflcall ,b averagln 1600 spectra,rr ?corresponding toaflacqu slt ontlmeo 27mlnutesat
apulse rate of 10 Hz, apreclslonof 1 J3%RSD was
obtained. Precislonsof less than I%RSD were
achieved byratlomg theuraniumslgnal totheslqnal
recorded by monitoring a spectrally narrow region of
the continuum light generated on each shot,

Ex eriments have shown that essential ly the same
!analy lcalresults notcdabove forstatlc samplescan

beachleved wlthflowlng samples rovided a flow
rCell Isdevlsed that maintains the lquld level

constant during analys;s

The majority of LiBS measurements reported in
the I Iterature have us?d lenses w Ith focal lengths of
10cmorless toproduce the plasma. There are
Several applications in which the ab(lity to carry out
qual !tatlve and semi-quantitative LiBS measurements

!
at reaterdlstances lsrequlred. Examples are scrap
me alsortlng, geological prospect lng, and remote
arlalyslsof samples, The goal of the work reported
here was to establish the analytical capabllltles of
LiBS using lenses with focal lengths of 0,5-2 meters,s

The exper~menta! set-up 1s slmllar to that shown
inFlg i except that thes arkllght was collectedly

?abareflber’ optic bundle mm Indlameter, The
bundle waspositloned next tothefccusln Iens and

1thespark light wasnotfocused rm the en of the
bundle. Theadvantage of the fiberoptic bundle overa
lens to collect the spark Ilght 1s the large Ilght
collection angle offered ty the bundle, which for a
quartz bundle lsabout35de rees, This relaxes the

!constraint that the spark be ormedat precisely the
$ame spot on the sample to collect the maximum
amount of Ilght, With l.?ns focusin ,on the other

!hand, movements of the spark of on y a few
millimeters cancompletely move thes ark image off

ftheentrance s!ltofthespectro raph, hell ht
# ?transmlttedb the bundle was Vectedlnto he

1s ectrograph ypcsltlonlnglt a ainst the entrance
Y {s lt Thespectrally resolvedl(g t wasdetecteduslng

a photodlode array,

The alm of the first experiments was to
demonstrate that the major Plemental component~ of
ametal could be identified uslngonly thesPectrbm
prmluced byasfnqiel asers park Todothls, a40nm
wldc sf)ectral region was chosen over which elgt?t
elements (Me, Nl, Cu, T!, Al, Pb, in, and Fe) each have
a* Ieastone modt?rateorstrcm emlssionltne that

!does n~tlnterfere wlthc!herl nes Acomposlte
spectrum, constructed byaddtngto ether the LiBS

$s~ectra frcmaserlesof metalseac contalnlnga
hlghconcentratlo nof one of the elements, Isshownln



Flg,5. Theshaded regions lndlcate theline(s)usectto
Identify the element Inthematerlal The total counts
ln eachof thesereglons-of-interest (ROl) was
Computed f@r eaCh Spectrum. Tnespectrumof Feis
notshownin Fl ,Sbecause ltshlghdensltyof llneS

?would compllca etheflgure.

Using a 05 meter focal length lens, a single spark
was generated on each sample and the spectrum
recorded. There are many methods to compare the
relatlve line Intensltles and Sodecldewhlch elements
are bemgmonltored. The metttod used here involved
cornput[ngtheratlo of thecountsln eachROl shown
lnFlg,5to the counts lntlIe ROl forFe. Several
experiments have shown that lfclean samples were
used, mall cases thema”or elemental comstltuentsof

ithesample could be iden Ifleduslng only aslngle
spark.

The rapid Identiflcatlon of metalS was
demonstrated by setting up an experiment In which a
He-Ne laser beam passing through the volume
occupied by the laser spark was detected and used to
trl gerthe Nd:YAGlaser when the beam was

?ext ngulshed. Inthlsway, asamplepassln through
1t,hefocal volume waslnterro ated automat cally bya

?single laser spark. 6ecausel wasnot easy to
Introduce samples lntothe focal volume at anl hrate

7of speed bydropping them through the focus, dl ferenc
metal samples were attached to alar cdisc Each

?sample wasposltloned next toasmal hole ln the disc
ali nedtopass the He-Ne beam. Thedlsc was rotated

?so hat 19sam les/sec were lntroducedlnto the
?spark volume, hespectra recorded under these

conditions areshownln Fl ,6. The ma or elemental
! {component of each sample s Ilstedat heleft of each

spectrum. Theresults show that hlghfauallty spectra
can be obtained at a high rate of speed using only a
single spark.

Samples having surface contaminants such as
paint or 011 can prevent the spark from Sampllng the
metal underneath. Experiments have shown, however,
that most paints can be ablated off the metal using
only a few sparks and that 011s and greases can be
penetrated usinqonly orieor two sparks. Themaln
problem with contaminants Is the lntrodWtlOn of
Interfering spectral lines. For exam Ie, many paintsRcontalnhl hlevelsof tltan[umwhlc may mask the

?tltanwm s grature from the metal

Inmanycases, ltmaybedeslrableto erform
fsemi-quantltatlveanal sesof samplesa thelarg@

Jdistances used lnthel entlflcatlon experiments
descrlt)ect above Thlscapablllty would beusefulto
sort metals m a SIJpply yard according to composition.
EX erlments alcmgthese lines were carrledoutuslng

!a 5cm focal Ienstoform thesparks on the samples,
whlchwere steel standards of known com90sltlon, To
obtain acceptable analysls accuracy and preclslon It
was necessary to use many sparks and average the
spectra, A summary of theresults obtalneduslng 10
and 100sparks for each measurement Ispresentedln
Table 1 fortheelements Sl, V, Cu, Mn, and Cr

For each element, a cailbratlon curve was
constructed spanning the concentration range of about
O I I -O 94% (typical concentrations for many elements
}n steel) Then an’’unknown’’ sample was analyzed by
averaging the spectra from 10 and 100 sparks, Each
analysts wasrepeated tentlmes, The elemental
composition of each sample was predicted using the
Cal lbratlon curve and the accuracy was computed b

fComparing theactual andpredlcted ccmposltions, he
prec!slon was computed as the relatwe standard
deviation of the ten analyses, Theaverage values of
the accuracy and preclslon obtained for all the
elements are llstedln Table 1. Theresult$indlcate
that semi-quantltatwe analyses are possible using
Iensesof Iong focal length,

PrototyDe ber{l I I~t~

Airborne partlcles’lfbe Illumandlts alloys
7represent an inhalation heal hhazard coworkers

expcsed tothesematerlals, Thecurrentmaxlmum
exposure level tothese airborne cmtamlnantsls
2pg/m30ver an8-how workday 40 hours/week. The
concentration canreach2Spg/m3 If the exposure 1s
llrnlted to one-half-hour/day, The method commonly
used toanalyze for beryllium involves collect lonof
the beryllium on filters by passing a known volume of
alrthrough the!llter, At the end of thecollectlon
period, the fl Iter is removed and transported to a
laborato~ for anal siswhlch lnvol’~es (l)chemlcal

/dissolution of the llterto produce asolutlonwhlch
is (2) analyzed using atomic absorption spectrometry
Step ( I ) Is time-consuming and can require several
hours to complete, To Increase worker safet ,a more

7rapid method of analyzlng the filters IS requ red,

At Los Alamos National Laboratory, the LIES

t
methc.dhas been use torapldly determlnebe Illum

?collected on filters, The method of Interroga in a
?filter with a series of laser sparks i~ shown In F g, 7.

Thelaser pulses are focused onthefllterb a
!3cylindrical Iensto form alon spark about mmm

!length, The fllterls rotated urlnganalysls soa
Iargefractlonof thesurface ls sampled, The!jpark
Ilghtlslma edonthespectro raphentrance slit bya

! Ilens Emissons from the Be(l llnesat313042and
31310’7 nm are detectad using a photomultlpller tube.

The detection Ilmlt for berylllum deposited
uniformly over a 32 mm diameter filter surface 1s
about 10n , AtthlLllm t [f theamblent berylllurn

7 J’concentrate onls2p /m ,thena measurable
Iberyllium mass can ecollected onthefllter after

onl 8seclf airls assedthrou hthefllterat
f ?40~lters/rninute. Hereford, thsmethodprovldes

near real -tlmeanalyslsof alrborneberyll!um le~els

Based un the success of this work, a prototype
beryllium monitor wasconstruct~d for use inrouiln~
monltorlngof befylllum lnaplant envlronnlent A
schematic dlagramof thedevlce lsshownln Flg8 It
conslstsof four baslcun!ts( A)controlsectlcm (B)
analysts stat!oo (C) pump/fan hous!ng; and (D) (aser
P0wer!3uPPly Tkernonltcr can bemovedeasllyto
different areas toprovlde lmmed!ate anal SIS ForYoperation thcrnonlto rrequlresasourceo power
(I15VAC, 15 A)andan exhaust system capable of
handllng berylllum~artlcles Table 211sts some of
the major components of the Instrument



Tab]e 7 COmRQIMII.@of the berv~ltor

co~nts
laser Laser Photonlcs YQL- 102, Nd YAG,

17 ns Dulsewldth, 150 rnJ/Pulse,
IIJ64 nm wavelength, 10 Hz

spectrograph Jarrell-Ash Monospec 18,
156 mm fl, 3600 I/mm grating,
150ymsllts

photomultlpller Hamamatsu R1414, 13 mm dlam,
tubes S-5 response

computer EPSON HX-20

bui It In-house at ~os

The method of analyzing filters used by the device
}s shown In Fig. 7, The filter Is loaded into the
Instrument through a door at the top of the analysis
station When the door is closed, the filter is
positioned vertically as shown In the fl ure. To

$obtain a representat we measure of the eryl I Ium on
the f 1Iter, the f llter Is rotated under the sParks
(formed at a repetition rate of 10 Hz) at 2 rpm and
following each compiete rotation, the filter 1s
translated downward by 3 mm, In this way, four
concentric annul 1are formed on the filter surface and
about 90% of the berylllum on the filter is sampled In
two minutes ( 1200 sparks). The ber lllurn signal

iobtained cm each spark !s processed y a gated
Integrator so only the berylllum signal In the 2-10
psec mtewal IS mte rated. The resulting voltage IS

?digltlzed and stored n computer memory. Fo!lowlng
each analysls, the be Illum signals are summed by

Tthe computer and a value for the beryl I ium mass on
the filter Is determined frwn a calibration curve
(berylllum signal versus berylllum mass) stored In
memory

The analytical capablll:les of the ln!3trUme0t were
evaluated using be Illum particles of resplrable size

T(O 5-5 urn dlam ) T e useful dynamic range extends
from 10 to 1000 ng on a f Ilter, the region of Interest
for beryll turn anal SIS At masses a!)Ove iOOO n the

{ ?detection s stem ecomes saturated because of he
Ystrong bery Ilum signals. The dynamic range can be

extended to rester masses by adding a second
Ppttotomul t lp Ier tube to monitor only the stronger

signals, The accurac and reclslon of the
k?Instrument, about 10 , Is Imlted by several faCtOrS:

( I ) nonunlfown particle dlstrlbut(on on the filter (2)
loss of some particles fro,n the filter during ana~ysls;
(3) !nccmplete vapor! zatlon of large beryllium
Particles 13ecause of the low detection Ilmit
orov Ided by the Instrument howevor, the 10%
accuracy is more than sufficient to satisfy beryllium
rnoni torlng re~ulrements.
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Fig, 1, Typical apparatus for performln(l LIB5
experiments
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Fig 8, Schematic dla ram of the prototype
1oerylllum monitoring nstrumect

F1q 7 Method of dk?termlnlng berylllum on fllterS
using the laser spark


